Recently, there has been a great deal of public and scientific concern that the normal operation of the endocrine system can be disrupted by various environmental chemicals. Such compounds, now designated endocrine disruptors, may have the potential to cause adverse effects on human health and wildlife by interfering with normal hormonal function in the body. 1) Bisphenol A (BPA), one of the endocrine disruptors, is a monomer of epoxy resins and polycarbonate plastics. It is used in many consumer products, including the plastic linings of cans used for food and babies' bottles, compact disks, safety helmets, plastic windows, auto parts, adhesives, and powder paints. Hence human exposure to BPA can arise from these products. Microgram amounts of BPA have been detected in liquids from canned vegetables and in the saliva of patients treated with dental sealants. 2, 3) Numerous studies on the effects of BPA exposure have demonstrated that this chemical has weak estrogenic activity. Studies in vitro have shown that BPA induces cellular proliferation in human mammary cancer cells, MCF-7, at over 25 nM of BPA, and increased progesterone receptors at 150 nM of BPA. These estrogenic actions were reversed by antiestrogen tamoxifen. 4) In other in vivo experiments, BPA induced prolactin secretion, growth differentiation, and c-fos gene expression in the uterus and vagina. 5) But, the mechanism of these effects has not been clarified. Male reproductive health in humans and wildlife species can be affected by a number of toxicants. A number of studies have shown increasing incidence of testicular abnormalities and decreasing sperm numbers. 6) Alkylphenols including BPA have also been shown to induce apoptosis in various cells, including rat primary germ and Sertoli cell cultures. 7, 8) There is a hypothesis that endocrine disruptors like BPA play a role in the decrease in sperm numbers. The number of mature Sertoli cells determines spermatogenesis in adult life, since one Sertoli cell can nurture only a finite number of developing sperm cells. 9, 10) But there has been no reported study of overall protein alterations in cell lines exposed to BPA. In the present study, the effect of BPA on protein expression in Sertoli cells was investigated because these cells are known to provide structural and nutritional support conducive to germ cell differentiation.
High-resolution two-dimensional polyacrylamide gel electrophoresis (2-DE) is one of the most effective methods of observing changes in protein expression in cells. Currently, the application of sensitive matrixassisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry gives more insight y To whom correspondence should be addressed. Tel: +82-2-3290-3439; Fax: +82-2-3290-3957; E-mail: cwkim@korea.ac.kr. Abbreviations: BPA, bisphenol A; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; CHCA, a-cyano-4-hydroxycinnamic acid; 2-DE, two dimensional electrophoresis; IEF, isoelectric focusing; IPG, immobilized pH gradient; MALDI-TOF MS, matrix-assisted laser desorption/ ionization-time of flight mass spectrometry into correct protein identification.
Hence the effects of BPA on the viability and morphology of TM4 cells were studied, and changes in the protein expression level in TM4 cells were examined using 2-DE analysis. Proteins shown different expression levels were identified using MALDI-TOF mass spectrometry.
Materials and Methods
Chemicals. Immobiline Dry Strips, DryStrip cover fluid, urea, IPG buffer, and dithiothreitol (DTT) were purchased from Amersham Pharmacia Biotech (Uppsala, Sweden). [3-3 (Cholamidopropyl) dimethylammonio-1-propanesulfonate] (CHAPS), acrylamide, piperazine diacrylamide (PDA), SDS, and ammonium persulfate were purchased from Bio-Rad (Hercules, California, U.S.A). TEMED, glycerol, bromophenol blue, Tris, glycine, and ammonium bicarbonate were purchased from Sigma (St. Louis, Missouri, U.S.A). All buffers were prepared with Milli-Q water.
Cell culture and treatment of BPA. TM4 cells, a mouse Sertoli cell line, were obtained from the Korean Cell Line Bank (KCLB, Seoul, Korea). Cells were cultured in DMEM medium supplemented with 10% fetal bovine serum (FBS, endotoxin tested, Gibco BRL, Grand Island, New York, U.S.A), 100 units/ml penicillin, and 100 g/ml streptomycin saturated in water at 37 C in a 5% CO 2 atmosphere. After that, TM4 cells Cell viability and morphological changes. The viability of TM4 cells treated with various concentrations of BPA was determined by an MTT assay. [11] [12] [13] After various periods of incubation, 50 l of 2 mg/ml MTT stock in a phosphate-buffered saline (PBS) was added to each well and incubated again for 4 h at 37 C. The water-insoluble MTT-formazan crystals were dissolved in dimethylsulfoxide (DMSO). Absorbance of converted dye was measured at a wavelength of 595 nm with an enzyme-linked immunosorbent assay (ELISA) plate reader. The inverted optical microscope (Olympus, Japan) was used to observe a morphological change of TM4 cells treated with BPA (100, 150, and 200 M) for 16 h. C. The cell pellet was resuspended in a lysis solution containing 5 mM NaH 2 PO 4 (pH 7.4), 5 mM EDTA, 0.32 M sucrose, and 1 mM 2-mercaptoethanol together with a protease inhibitor cocktail. The resuspended cells were rapidly frozen with liquid nitrogen and thawed 5 times. For complete cell disruption, the cells were homogenized with a Glass/Teflon hand grinder. After centrifugation at 100,000 g for 45 min to remove solid tissue, the supernatant was stored at À80 C until use. The protein concentration of each supernatant was determined by Bradford assay.
14)
2-DE. Ready-to-use Immobiline DryStrips (18 cm, pH 3-10 Linear) were used for IEF. The DryStrips were rehydrated in 350 l of the solubilization solution containing 8 M urea, 2% CHAPS, 0.7% IPG buffer (pH 3-10 Linear), 13 mM DTT and a trace of bromophenol blue together with the samples (100 g protein) for 12 h. 15) After rehydration, IEF was conducted automatically up to a total of 75,000 Vh using the IPGphor IEF System (Amersham Pharmacia Biotech, Sweden). For 24 cm strips of pH 4-7 linear, 450 l of the rehydration buffer with the samples (150 g) and IPG buffer (pH 4-7 Linear) were used. IEF was carried out up to a total of 100,000 Vh. Following IEF separation, the gel strips were equilibrated twice for 10 min with gentle shaking in the first equilibration buffer containing 50 mM TrisHCl buffer, pH 8.8, 6 M urea, 20% glycerol, and 2% SDS. One percent DTT was added to the first equilibration buffer in order to diminish electroendosmotic effects, 16) which are held responsible for reduced protein transfer from the first to the second dimension. In the Second equilibration buffer, DTT was replaced with 2.5% iodoacetamide in order to remove excess DTT, which is responsible for the point streaking in silver stained patterns.
17) The equilibrated IPG strips were slightly rinsed and blotted to remove excess equilibration buffer. The IPG strips were applied to 12% SDS-PAGE gels (26 Â 20 cm) and overlaid with a solution of 0.5% agarose containing a trace of bromophenol blue. The second-dimensional SDS-PAGE was performed at 15 C with a constant current of 96 mA for 2 h, 132 mA for 2 h, and 190 mA for 6 h using the Ettan DALT II system (Amersham Pharmacia Biotech, Sweden). After SDS-PAGE, the analytical gels were visualized using the silver staining method as performed by Blum et al., 18) with some modifications. The gels were fixed in 50% methanol, 12% acetic acid, and 0.05% formaldehyde (37%), followed by three courses of washing for 20 min with 50% ethanol. The gels were then sensitized by incubating in 0.02% sodium thiosulfate and washed three times for 20 s in double distilled water. The gels were immersed in 0.1% silver nitrate and 0.075% formaldehyde (37%) for 20 min, then rinsed two times for 20 s with double distilled water. The development stage was carried out in 6% sodium carbonate and 0.05% formaldehyde (37%). Finally, the reaction was terminated with 50% methanol and 12% acetic acid.
Image acquisition and analysis. The silver stained blots on the 2-D gels were scanned using an image scanner (Amersham Pharamacia Biotech, Sweden). Spot detection, quantification, and matching were performed using ImageMaster 2D Elite Software (Amersham Pharamacia Biotech, Sweden). Three separate 2DE gels, which were obtained from the BPA treated cells and the control, were analyzed. The average and SD of the spot density were used as parameters to determine differences in expression levels between the control and BPA treated samples. The spots, which were up or down regulated with statistical significance in each treated sample, were selected and identified only if they were represented in all three gels.
In-gel digestion and MALDI-TOF analysis. Removal of silver ions, in-gel digestion, and peptide extraction were carried out by a method described by Gharahdaghi et al. 19) Prior to digestion, gel spots were excised and soaked in the cold mixing solution containing 15 mM potassium ferricyanide and 50 mM sodium thiosulfate for 10 min. After soaking, the excised gel was washed three times for 5 min with double distilled water. The gel was washed again with 200 mM ammonium bicarbonate for 20 min and was cut into small pieces. After washing with double distilled water, the gel fragments were dehydrated repeatedly until they turned opaque white, and dried in a vacuum centrifuge for 1 h. Destained gel fragments were incubated with 5-10 ng/l of trypsin and 50 mM ammonium bicarbonate overnight at 37 C, then the peptides were recovered by sequential extractions with 20 l of 5% trifluoroacetic acid in 50% acetonitrile. Finally, the extracts were dried in a vacuum centrifuge for 1 h. Peptide mixtures were mixed with a fast evaporation matrix in nitrocellulose wetted with 0.1% trifluoroacetic acid on the metal MALDI-TOF target and dried for 10 min. All analysis was carried out using a PerSeptive Biosystems MALDI-TOF Voyager DE-STR Mass spectrometer (Framingham, Massachusetts, U.S.A.) in reflectron mode with delayed extraction. Internal mass calibration was performed using trypsin autodigestion products (842.5099 Da and 2211.1046 Da). For interpretation of the MS spectra of protein digests, the resulting peptide mass fingerprints were searched against the NCBInr database using MS-Fit databasesearching.
Results
Decrease of viability and changes of morphology in TM4 cells by BPA
The effect of BPA on viability of TM4 cells was determined by MTT assay. The time courses of cytotoxic effects of BPA on TM4 cells are illustrated in Fig. 1 Fig. 3 , the result of 2-D separation with the expanded pI region, pH 4-7, increased the resolution of the segment resolving the proteins of interest. To compare the measurements of protein spots in different gels accurately, the volume of the spots was calculated by single spot normalization. Thus, each spot quantity was expressed as a relative intensity. In the pI range of 4-7 and the molecular mass range of 14-97 kDa, about 800 spots in silver stained gels of each sample could be detected by gel matching and statistical analysis. The volumes of 11 protein spots at 200 M BPA were significantly different compared with control (p < 0:05, 
Protein identification by MALDI-TOF MS
To identify differentially expressed proteins in 2-DE gels, MALDI-TOF analysis was employed. The peptide mass fingerprints were searched against the NCBInr database using MS-Fit database searching. As shown in Table 1 , five up-regulated proteins were identified: myoinositol monophosphatase 1 (spot 480), heat shock protein 27 (spot 627), Bcl2-associated athanogene 2 (spot 667), dM117J5.1 (spot 683) and placental calcium binding protein (spot 724). Six down-regulated proteins were also identified: G protein pathway suppressor 1 (spot 269), Prpf4b protein (spot 316), and 4 putative proteins (spots 465, 566, 612, and 645).
Discussion
BPA has been reported to cause reproductive toxicity and to affect cellular development in rats and mice at high doses. The results of this study showed that BPA strongly affected TM4 cell viability and morphology at concentrations of BPA over 150 M. This anomalous situation has also been discussed in previous reports. 10, 20) Especially, the viability of TM4 cells decreased to about 60% of that of untreated cells after exposure to over 300 M of BPA for 16 h.
10) The enlarged morphology and decreases in cell numbers with a treatment of 200 M BPA in our study are shown in Fig. 2 . BPA appeared to affect the TM4 cells to inhibit proliferation and to reduce viability. In previous reports, alkylphenols, including BPA, were shown to cause a decrease in testis size and Sertoli cell numbers and size. In addition, those were shown to suppress gonadotropin secretion. shown). Although the volume intensity of some spots increased while that of others decreased, the proteins concentrated in the pI range from 4-7 were not clearly separated. To isolate these proteins more efficiently, subsequent 2-DE was performed with pH 4-7 linear. About 800 spots in the silver stained gels were detected in a pI range of 4-7 and a molecular mass range of 14-97 kDa (Fig. 3) . We found 11 proteins which are suspected to be involved in BPA-induced reproductive toxicity (Fig. 4) . Spot 683, which showed the largest increases in the expression level at 200 M BPA, was identified as dM117J5.1. Unfortunately, however, its function has not been elucidated exactly. The heat shock protein 27 in TM4 cells treated with 200 M BPA increased to about 5-fold of that in untreated cells. The heat shock proteins (HSP) family is stimulated by heat shock and other environmental and pathophysiological stresses. These proteins enable the cell to survive and recover from stressful conditions. In addition to their role in thermo-tolerance, they play a role in cell proliferation and drug resistance, which makes them of special clinical interest. Previous studies suggest that HSP27 is related to estrogen in the breast and to estrogen and progesterone in the endometrium. 22) BPA treatment also induced comparable increases in hsp 90 and grp 94 levels in the mouse uterus. 23) Hence it suggested that, in our data, the increases in HSP 27 in BPA treated cells might counteract stressful conditions caused by BPA.
In this study, placental calcium binding protein was up-regulated a little in the 100 M BPA treated cells. But the expression level of this protein in the 200 M BPA treated cells increased to 3-fold higher than that of untreated cells. Placental calcium binding protein is MTS 1 protein, which belongs to the S100 protein family. S100 protein family has been implicated in a wide variety of cellular functions, including cell growth and differentiation, calcium homeostasis, inflammation, The spot numbers and arrows indicate the proteins that were differentially regulated in the BPA treated cells. Proteins (150 g) were separated on a pH 4-7 linear IPG strip (24 cm) and SDS-PAGE and visualized by silver staining. The TM4 cells treated with ethanol (0.2%) was used as a positive control. and cytoskeletal dynamics. 24, 25) A recent study showed that estrogenic alkylphenol, including BPA, induced Sertoli cell death by inhibiting testis endoplasmic reticulum Ca 2þ pumps and the activity of the Ca 2þ -ATPase. 10) This study also reported that the Ca 2þ -ATPase activity decreased to half in 0.4 M of BPA and the concentration of intracellular [Ca 2þ ] in TM4 cells increased to 2-fold of that of untreated cells during Protein spots were excised and digested in gel with trypsin for protein identification using MALDI-TOF/MS. The MS spectra of protein digests were searched against the NCBInr database using MS-Fit database-searching. homeostasis. Therefore, the increase in the expression of placental calcium binding protein in 200 M BPA treated cells in our data might account for intracellular Ca 2þ homeostasis.
In conclusion, we have used two-dimensional gel analysis and MALDI-TOF/MS to search for and identify proteins that may be involved in BPA-induced suppression of TM4 cell proliferation. BPA strongly affected TM4 cell viability and morphology at concentrations over 150 M. Eleven proteins, which showed different protein expression levels with the treatment of BPA, were identified. Among them, heat shock protein and placental calcium binding protein may be related to the effect of BPA on TM4 cell viability.
